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ABSTRACT 
 
The effect of joining parameters and tool pin profile on microstructure and mechanical 
properties of semi-solid metal A356 joints produced by friction stir welding was investigated. In 
this work, the joints were made by using a fixed rotating speed of 1,750 rpm with varying 
welding speed of 80, 120 and 160 mm/min and 30 of tool angle. In addition, Two different types 
of tool pins, cylindrical and square pin, were applied. The optical micrograph shows no voids, 
cracks or other weld defects. The Scanning electron microscope (SEM) reveals fine 
microstructure and uniform dispersion of Si (Silicon) particles obtained from cylindrical pin than 
that of square pin. The variation of hardness througout the weld also reveals slightly greater at the 
stir zone for every welding speed for both pin. Transverse and longitudinal tensile strengths 
obtained from cylindrical pin are greater than square pin. Furthermore, the joint made from 1,750 
rpm, 160 mm/min with cylindrical pin shows highest strength. 
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/!K4 #!5	ก;":;!		  9/!
ก"ก
 	3:;;!3>ก  K4 
	ก  
(Residual  stress)  3ก" (Distortion)  	กก	
9/!ก"ก3ก:5 /	
!ก3:7กก!  
ก
Y!กก";8ก?=/	5  
(Porosity) 30/!>ก>5 "  
 กY!"ก		4#"
ก!<
ก5 /!6  /85 
 /!ก]
;;!3>ก#/!/ก
ก;!"ก
 "=!ก
ก5   <
ก5 "K4 ก9L	
 	/ก	ก/	:>	
3#"
ก38G	
	5   5  ก5 
"	3ก	  (Friction  Stir  Welding  !5  FSW)  K4 L	ก
5 /	=:3:7  (Solid State Welding)  ก5 
"	3ก	L	ก	ก5 

 4";!:"ก	
 >!= 9ก>!=!:;!		 ;"
 ;!/	
=:3:7!5!8
7ก	  K4 ;!5 "ก	;"
	กก
"	กกก	:!8	
 !	"8ก5 	
 #:!	;"

3ก"ก9"/	:>"	3	5   ก5 
"	3ก	
3!ก
 ก
 :
/	ก5 "	
  5  7/	ก!	:!8	  (rpm)  7/	ก"	3	
5   (Welding  speed)  3ก"  (Down  force)  
:!5   (Tilt  angle)  3	กก	


35 	6  	  :	"33:!8	     
ก:3!0"ก4L	
 :;ก	
  ;"?4ก]3
/	ก5   (Joining  parameters)  
 
0ก
 	3;;!3
ก;"O8>5 !5>
 1กก	  (Stir  Zone  !5  SZ)  3>
 #"
<8ก	ก  (Thermal  Mechanical  Affected  Zone  !5  TMAZ)  "
  
3
ก	ก5 
"	3ก	  (FSW)  85 !/	"	;;!
3ก  14	9085 5ก/ก<
ก5 
 !/	3
	3!ก# 
 
1.2   !"	 
1.2.1  85 !;	;
ก5 /!
 !กก5 	

0K4 !;";	;
ก!ก4 :3:7 
1.2.2  85 ?4ก]<87:ก5 33:!8	K4 
0
;=9!ก5 	
0K4 !;";	;
ก!ก4 :3:7 
1.2.3  85 ?4ก]<87:ก5 33:!8	K4 
0
ก:3	5 9!ก5 	
0K4 !;";	;
ก!ก4 
:3:7 
1.2.4  85 

3/	ก5 33!8	
 /5 	

0K4 !;";	;
ก!ก4 :3:7 
 
1.3   $	 
:::;ก	
?4ก]ก5 ;!!3ก4 :3:7  (SSM)  A 
356  "ก<
ก5 
"	3ก	  (FSW)  ;"
3
 5  7/	ก!	
:  Tool  (1,750  rpm)  	3
 
ก
 	3  5  7/	ก"	3	5  
(Welding  speed)  80,  120  3  160  mm/min  ;"

:  Tool  (pin)  3  ?  3	"
:  Tool  (pin)  /!8	  2  3  5  !8	3กก  (Straight  cylindrical)  3
!8	3
 !
   (Square)  ;"/	3ก>
9ก5   3    "?4ก]ก

 	3;!  (;=)  ;"/ก?	23/3  (Optical  
Microscope,  OM)  14/ก?	27	3ก"K4 
7กK22" 
(Scanning  Electron  Microscope,  SEM  3  Energy  Dispersive  X-ray,  EDX)  3?4ก]
ก:5 3>
 #"<8ก	ก  (TMAZ) 
 
 
 
 
  
4
1.4  &ก	!(	$ก	! 
1.4.1  30	3"9			 
1.4.2  ?4ก]	ก3:/	ก"9			 
1.4.3  
5 5  ก>2  3"/	ก?4ก]":	 
1.4.4  ก3ก"Uก"  3?4ก]	ก8  
1.4.5  3!20ก" 
 
1.5   !*+"	(,	-(!	ก	 
1.5.1  140:3/	ก<
ก5 
"	3ก	  (FSW)  
 

0;!3ก:ก5 	
0  A356  
 !3ก4 
:3:7 
1.5.2  14L	##"33ก5 3:!8	
 
!9!ก5 	
0  A356  K4 !;";	;
ก!ก4 :3:7"
ก<
ก5 
"	3ก	  85 ;	2"		3!ก9!
;!=	
# 
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  2 
 
	
ก 
 
 
2.1  	กก 
 
2.1.1    A356  
	
	  A356  	
	
  ก
  	

	 !"!#$%&% '()*
 #!+#$*
ก#
"'+%&%	ก%ก#%"'+
&ก   ,-) .*&'"ก#"&
 
#)%,)),(
!+

	
+ก,(
  ก#/%"'+)   
"#)ก# ก%&%  +
 )	!)	

	  A356  	
  Al,  7%Si,  0.35%Mg,  0.20%Fe,  0.20%Cu,  0.10%Mn,  0.10%Zn   
0.230%Ti  ก#	"ก
	)	Cก
& .*&!+#$*
#'#D)'" )ก%&+
ก##+E )!+#&
%&%  %ก#F#G	F  Mg2Si  *
	"#กG)	
  ก#+
ก#
 )!+#&
 -*H& 	I/-#'#D)'" )ก+E" -
*H&ก -D%  %&ก  
ก#+
ก# )!+#&
  T6  !/  ก#
.H(
)
&+
.HD
(.Jก
'(
J,)
. .
ก#C)	   ก#
.*H&)
	 -D%ก')
 -"&)ก#!+ 
 
"ก#Dก#

!+C)#))  ก#*H&)
)ก+&)+)ก'D"ก##"Dก#KGH(
+


"G")L  
 
2.1.2  $%&'&()%  (Microstructure) 
'"%&
!+C)#)	
ก
  #$I'M
%ก#	"
)ก
J.
+
	Cก
&  (#K  0.35%)  	
	  A356  J
#ก%&++
  7%  ก
  0.35%  ก
	  %ก
J'" )%&

!+#$*
ก#ก
	J .*&#$P'"ก# )!+#&
%&% 
!#)#&) )JDQ!)	
	  A356  *
ก#L  
L  QI  %')%)*
# -  2.1  	
'"#ก#	C
"'+)H&L  )ก# .*&
	ก%
DQ!)ก
*

	"#G	%
%#"ก  (Interdendritic)  ก# .C)	 *
	

	
(*
QIก#J	-
!#)#&) )JDQ!  "J .*&ก#	ก%
DQ!)
ก
ก#ก#J"'+)-.	,-)J) .*&!+C)#)	I-,(
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&5  2.1  %)!#)#&)	
	  A356 
 
2.2  	ก6กก&ก7$ก8
9:ก& 
&+J&IE$,)กก*
ก#	ก%ก,-))C)  "J
ก# '-)
WJJD'
กC')#$&#D -H'%	J
	ก-+ก'กกก#	ก%ก,-))C)%&  % XYZ
ก#	ก%ก,-))C) -.!'[%')"
(!/ 
 
2.2.1  ก&
;ก;ก&<
767&;=  (Dendrite fragmentation) 
 XYZ
(%&E+ก#	ก%,(
)!#)#&)ก,-))C)  	ก%Jกก#"ก"'+
)ก-)	%
%#"G .*&
DQ! -"กก#K	I-,(
 +!K  (Grain multiplication)  %')
%)*
# -  2.2 
 
 
 
&5  2.2  %)QIก#"ก"'+)ก-)#/
)	%
%# G   .*&
DQ!#/	ก#

	I-,(
 +!K  (Dendrite  multiplication)  Flemings et al.  (1974)  
  
7 
% Flemings et al.  (1974)  %&	
$,)!+	
%&)	"D -ก-))	%

%#"G	ก%ก#"ก"'+  %)ก	
	"D'ก  !/ 
1.  
)	%
%#"G'กกJก#	+K!
  (Roots)  	
/-)Jก#)	f/
  (Shear 
forces)   -	ก%Jกก#	!/-
 -)
(.,-)	
ก#ก -J#K!)#) - .*&
)
	%
%#"G	ก%ก#'กก %&+&J.ก'%#ก# ก+!/  	%
%#"G	#-"&
J"&)	
,ก
 -#KG#iJก&กI#)  	H
  H)+)  (Void)  #/  %	!H'
  (Dislocation)  	
"&
 
,-)ก	%
%#"G	#-"&
&กI#)%')ก+J .*&กกก#'กกJ,) .*& XYZ
(	ก%&
"&&)ก%&#'ก##'	  -!+# 
2.  
)	%
%#"GกJก#	+K!
	
/-)Jกก#+
ก#  Ripening 
 .*&#K"'+$ก  (Solute)  #	+K!
!+	&&
ก,(
  	
	"D .*&JD%
	+#	+K
'(
%"-.)  J,)	
	"D*&	ก%
)	%
%#"G$กก#	+K!
 
D%ก 
3.  กกก -
.	
% Vogel  !K  (Vogel et al. 1979) ,-)E	I-	"
%  Doherty  !K  (Doherty et al.1984)  I+ก	%&
.	
กก -"ก")ก  !/  
I+ก		H/-+
)	%
%#"GJ	ก%ก#%  (Bend)  ก#	#I"ก%&+#)	!&
 
(Stress)  ,-)!+	!#%I"!  (Plastic strain)   -	ก%,(
J .*&	ก%ก#J'%	#)"'+*
)%	!H'
  % -DKQ	+%	!H'
#$o
  (Climb)  #+ก'
J
	ก%
	
	")	ก#
  %	/-D -	ก%,(
!กก+  200  J .*&I'))
"#))	ก#

!กก+I'))
#	+K
	"#G	F#+))C))	+  2  	   ,-)J .*&)
	ก#
	ก%ก#	oก%&+
(. .*&
#/ก-))	%
%#"GD%ก  
 
2.2.2  E;ก&&F;$;
ก&  Coarsening  ()%
9 
&+*
'(
"
ก#	ก%
DQ!ก,-))C)')	
 -#D


  "	
 -
#'ก'
+ก##&)J.
+
  q
+	!r  	#-"&
 -
%	CกJ.
+
ก J*H&#	+
*
ก#	ก%	ก#
ก&
ก -'(
	I#ก#	ก%J	ก%%&%"#)Jก	ก#
  Equiaxed  ,-)
%)"	&
 )  (a)-(a2)  *
# -  2.3  *
 )"#)ก'
&ก
%  q
+	!r  	#-"&
 -
	ก%,(

%*[  ,-)J	ก%Jก'"#ก#	C
"'+)
(. -H&J .*&	ก%!#)#&)
ก&
ก -
%*[  %')%)"	&
 )  (a)  ')  (e)  %	&
 )
(J*H&	+*
ก#	ก% -
+

ก+กJ.
+
 q
+	!r  -	ก%,(
J.
+
	I)I!#)#&) -%&กCJ	

ก&
ก&J*H&	+

กC" %')%)"	&
 )  (a)  ')  (b2) 
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&5  2.3  %)	&
 )ก#	""  (Growth)  ก#  Coarsening  )
DQ!)C) 
Flemings  and  Johnson et al. (2002)  
 
2.2.3  ก&ก&H;$ก8
97ก&
&$%';E (Rheocasting) 
	 !
ก#ก,-))C)  (SSM)  %&ก#I'M
ก##Dก"G*H&*

D"ก##"H(
+


"G  "กC')ก#*H&)I# .*&&%&	#
#H
G)ก#ก,-))C)%&
.*H&)	"C -  ก#I'M
ก#+
ก#" 
Rheocasting  	
ก#%"&
 D
*
ก#"ก,-))C)  	I/-*&	 !
ก#
ก,-))C)  %&ก#*H&)I#*
ก#  Die  casting   .*&#$%"&
 D
*
ก#
"%&
กJกก#	I-!DKQI'"	H)ก)H(
)
  %ก#%"&
 D
ก#"%&
JกWJJ'")L  	H
ก#%	+*
ก#""H(
  (Cycle time)  ก#%)	  (Reject)  ก#	I-
Dก#*H&)
)IIGก#%"&
 D
*
ก#HD  	
"&
 
*
WJJD'
กก#+
ก# -#$ .*&!#)#&)D% &'กYK
	
!#)#&)	
ก-)& 	H
 ก##+Eก#ก+
 )ก  (Mechanical  stirring)  ก#ก+
%&+
	CกFFz  (Electromagnetic  stirring)  ก#'-
%&+D"#&
!  (Ultrasonic  vibrations)  ,-)
ก##+E%')ก+&+
"&)i'"'+ก)	I/-*&	ก%ก#+
  (Agitation)   '()(
%*
ก##+E
ก#ก+
 )กJ*H&*I'%#/ ) #)ก#ก	I/-*&	ก%ก#+
  ก##+Eก#ก+
%&+
	Cก FFzi'#) )FFz	
"'+I*&	ก%ก#+
))	+  +
ก#'-
กC	

+Eก# .*&	ก%ก#+
%&+	H
ก'
"ก#+
ก#%') -ก+&)"&
กC&	#ก#  
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	H
  #! -)ก#	ก%!#	กก#	ก#H'
	
/-)Jกก#ก+
 -'%+
)C))L ก)
&
%'กก#	ก%!#)#&)	
ก-)&  	
 -H'%	J
+ก"&)ก#*&	ก%ก#"ก"'+
)ก-)	%
%"GJ"&) .*&	ก%ก#+
*
H+)ก
 -Jก#C)"'+	 
'(
 ,-)	
H+) -ก-)
)	%
%#"G
%	Cกก*
$
 -	$#	
/-)Jก'"#+
#+)I/(
 -+"
#"#!) 
 %&+'กก#%')ก+ .*&	/-


(  Martinez    Flemings  %&%)*&
	C
+กJDD
 )	C
)*

(. -DKQ	
/JD%	+  %*H&	+
*
ก#D
 )	I)	Cก
&J
	#-'%+
)C)	ก%,(
	I)	Cก
&  J,)ก )
,(
%')%)*
# -  2.4  JI+!#)#&))Q')ก#	C
"'+J'กYK	

ก&
ก  %I+ก		#กก#+
ก#"
(+  Semi-Solid  Rheocasting  (SSR)  
 
 
&5  2.4  %)'(
"
ก#"ก,-))C)%&+ก##+E  Semi-solid  rheocasting  
(SSR)  Martinez et al. (2004)  
   
,-)"  Martinez  (2004)  %&%)*&	C
*
+ 
I
EG#[[	ก)	+
ก##&)ก,-))C)#$ .%&)# EQIJกก#ก+

(.	fIJD%
	ก%Jกก##!+#&
Jก
(.	fIJD%)#+%	#C+  (Rapid  localized  heat  
extraction) 
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&+ก#+
ก#"ก,-))C)%&+ก##+E%')ก+J#$"%&
)# EQI  "กC#W[#ก#*
'(
"
)ก#" 	H
 ก#"#
*&!+	C
%&+
(.#	C
	#G	&ก' ) -D
,-)	
+E -''&
ก"ก#
"%"'() 
กJก
(#+) -+'"$DD
J .*&	ก%ก#+
)
(.  ,-)J	
%& -J .
*&	ก%Pก#ก	%H'
,(
%&*
'(
"

( 
 
2.2.4  ก&H;$ก8
97ก&&L5M
กN'&ก&
9;  (GISS) 
 
 
 
&5  2.5  %)QIDก#KG -*H&*
ก#"ก,-))C) 
%&+ก##+Eก#F)ก~#+)ก#C)"'+  	JYZ  +##K
EDG  (2006)  
 
ก#+
ก#ก,-))C)%&+	 !
!  GISS  (Gas induced  semi-solid) 
%  	JYZ  +##K
EDG  (2006)  	
ก#+
ก##&)ก,-))C)%&+ก##+Eก#I
F)
ก~	f/-
 )ก#F"GI#D
  (ก~#Gก
)  ,-)	
ก##+E*.#'ก#"ก,-)
)C) -'กก#!&ก'+Eก#  Rheocasting   -*&!#)#&)	ก#
ก&
ก  
(Spheroidal  grain)  !DK'")ก,-))C)#ก#	H
  DKQ -"-.ก+
	+  	#-C)"'+)+
&+K	 *IIG!+
/% -)ก+
(.  !+	!&

K"-.ก+ -C)"'+&+  	
"&
  ,-)!DK'"%')ก+&%#ก# -#$

.#Dก"G*H&%&)ก*
ก#+
ก#"  	H
  %ก#	ก%)	JกPก#
Argon gas 
Flow meter 
Graphite 
Diffuser 
Argon gas 
bubbles 
Thermocouple 
  
11 
#+)ก	J
*
'(
"
ก#)*
	&%ก#	ก%I#)%"'+ (Shrinkage)  ก
 '()')H+/%Dก#*H&)
)IIG  %')%)*
# -  2.5 
 
2.3  	ก&ก&R<'7
ก  
ก#	H/-	% 
ก+
	
ก#	H/-*
Q+)C)  % -J
,%"%ก'
 -DKQ"-.ก+DKQ	+)
'(
  % -')*
Q+	

)C)  )#	Q J"&)ก#ก	-)ก#	H/-" -DKQ)ก# 
	
/-)Jก -DKQ	/-C)"'+  J	ก%!#)#&),(
*,-)J"ก")Jก
!#)#&)	#-"&
)
'(
  Jก	"D&)"&
J,)%&ก#!%!&
ก#	H/-	% 
ก+
 -
$'
ก#	H/-)')กXY  (The  welding  institute)  ก#	H/-	% 
ก+
J'%	
ก#
	H/-*
Q+)C),-)J	H/-"%ก'
%!+#&
Jก#)	% 
  % -''

)
D
%&+!+	#C+#" -ก.
%I#&ก'!+	#C+*
ก#	H/- #)ก%*

K -	H/-  ก#	H/-	% 
ก+
J"'+#'ก -	ก-+&)*
ก#	H/-%')
(  !/  
!+	#C+#*
ก#D
)'+I
  (rpm)  '"#!+	#C+*
ก#	%

+	H/-  (Welding  speed) 
#)ก%  (Down  force)  D	))'+	H/-  (Tilt  angle)  
กJก
(')"'+#/-
L  	H
 

%#)'+I
  %')# -  2.6 
 
 
 
&5  2.6  'กก#	H/-	% 
ก+
  (FSW)  M.F.Zah et al. (2004)  
 
ก#	H/-	% 
ก+
*
	
&%#ก#	/-	 ก'ก#
	H/-  	H
  #$%ก	-)ก#"ก*
#+)C)"'+Jก)	+
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	
)C)*
#	H/-%W[ก#	ก%I#)กi  (Porosity)  %	fIก'	

 -%+E%!"()  	
/-)Jกก#	H/-	% 
ก+
	
ก#	H/-*
Q+)C)  

กJก
()#	Q J#$	H/-%&+ก##+Eก#	H/-%&  %')
'(

ก#	H/-	% 
ก+
J,)		
)ก  % '-+H(
)
 -
ก#	H/-	% 

ก+
J!+	!&
"ก!&)  (Residual  stress)  ก#%)  (Distortion)  
&ก+ก#	H/-
  !+	!&
"ก!&) -
&ก+	
Jก!+#&
	&Jกก#	% 

ก+
!
&ก+ก#	H/-  ก#	H/-	% 
ก+
%&$ก#Dก"G*H&*

D"ก##.#'	
*
กD  1xxx  2xxx  5xxx  6xxx    7xxx  #+$,)
	
  Al-Si-Li 
  
2.3.1  %=5&ก:ก&R<7ก&'7
ก 
)!G#กWJJ' - .*&#	H/-	% 
ก+
#$	H/-"ก'
%&
Jกก#i,กY%  M.L.  Santella et al. (2005)  %&ก++J#ก%&+!+	#C+*
ก#D

)  Tool  !+	#C+*
ก#	%

+	H/-  'กYK)'+I
กC	
WJJ' - .*&	ก%DKQ
)')#)ก%  #)*

+ก
  Fx    Fy  #)ก%*
  Fz  *
ก#	H/-"	
/-)#)
ก%*
  Fz  %)Q*"&ก#+
ก#	H/- -$ก!+!D*
 i )ก#	H/-JD%#+)#) '()
ก
 %')# -  2.7  	
ก#+
ก#	H/-	% 
ก+
K .ก#	H/-J#)ก# .
*

+ก
 '()ก
 -D	))  Tool  ก# .ก'H(
)
	/-'+I
)  Tool 
''ก'+
&H(
)
J	ก%!+#&
,-)!+#&
 -	ก%,(
J,(
ก''กYK)'+I
  
!+	#C+*
ก#D
)  Tool  !+	#C+*
ก#	%

+	H/-   .*&	ก%ก#+
)	
/(
+'%D)H(
	ก%ก##
ก'
  ')Jกก#	H/-#	H/-J#ก%&+#	+K -$กก+
  
#	+K -%&#' EIJก!+#&
 )ก%&
  Advancing    Retreating %&
  
Advancing  !/%&
 - i )ก#D
)  Tool   i )	%+ก' i )ก#	%

+	H/-
%&
  Retreating  	
%&+
 - i )ก#D
)  Tool   i )+
 )ก' i )ก#	%

+
	H/-   
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&5  2.7  ก#	H/-	% 
ก+
  (FSW) 
 
2.3.2  %&กก&'7
ก 
!+#&
Jกก#	% 
 )ก&กI#)*
ก#	H/-	% 
ก+
 
Jก!+'I'
EG)!+	#C+*
ก#D
)  Tool  !+	#C+*
ก#	%

+	H/-#)ก%
ก*&	ก%!+#&
&กI#)*
)
	H/-  Y.G.  Kim  and  H.  Fujii  (2006)  ก++Jก
!+#&
 -ก#/
&	ก
  Jก!+%ก")ก#ก+
 -!+	#C+*
ก#D
) 
Tool  !+	#C+*
ก#	%

+	H/-)  	
	"D .*&	ก%!+"ก")#+)DKQ
#	+K+%&

+
 -$กก+
  	I#)&กI#) .*&	ก%H)+)*
#	H/-  
)#กC"  &กI#) -	ก%,(
!+"ก")ก'
)H'%	J
#+)!+#&
 -	I)I 
!+%ก"*
ก#ก+
  %')
'(
!+"ก"))&กI#),(
ก'Q+)ก#	%
 
  !# -	ก%,(
ก*
#	+K%&+
&)#	H/-	ก%Jก!+#&
 -ก	ก
  H)+) -
	ก%,(
*
#	H/-	ก%Jก!+#&
 -%D  Jกก#ก+
 -%ก"&กI#)	I)	Cก
& 
#)ก%)	!#/-)/#$ .*&H)+)%)%ก#	I-#)ก%  
 
 ก#!+#&
 -	ก%,(
ก'ก#+
ก#	H/-	% 
ก+
%')
( 
 
V
PNRQ
2
2
3
4 µ
π=  . .. (2.1) 
 
Q         !/  #
!+#&
 -	ก%,(
*
H(
)
 
µ         !/  '# E)ก#	% 
 )ก 
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P         !/  #)ก%	#-"&
 
N        !/  !+	#C+#  (!+	#C+*
ก#D
)'+I
) 
R         !/  #'i)  (!+") 
V         !/  !+	#C+*
ก#	%

+	H/-  
 
$&#
!+#&
"
+!++ #
!+#&
!/ก#!%+	ก%Jกก#
	!/-
 -)ก#	%

+	H/-*H&ก# -  (2.1)  
 
2.3.3  
&ก7%&<<  
 
 
 
 
&5  2.8  !#)ก% -	ก%Jกก#	H/-	% 
ก+
*
"H+)K .ก#	H/- 
Dr.-lng.Munich et al. (2006)  
 
 #)ก% -	ก%,(
K .ก#	H/-#$+'%!%&%&+ก#*H&	!#/-)/+'%  Load 
cell  	I/-*& #IX"ก##)#)ก% -	ก%,(
*
ก#+
ก#	H/-	% 
ก+
  Dr.-lng. 
Munich et al. (2006)  ก++#)	I-,(
H+)K .ก#	H/-  H+)#ก	
ก#	I-#)ก%
*
H+)	#-"&
)ก#	H/-J
''ก'+
&H(
)
 H+) -)	
ก#	I-#)ก%K .
ก#	H/-ก
	%

+	H/-  H+) -#)ก%Jก!+	#C+*
ก#	%

+	H/-  	
#)ก% -
	ก%,(

ก	
/ก#!+!D  %')# -  2.8 
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2.4  ก 
 
2.4.1  $67กก&
ก8
9 
ก#ก,-))C)$ก!%!&
 -  Massachusetts institute  of  technology 
(MIT)  	/-#K  30  o -&+  ก#ก,-))C)!/ก#,(
#%ก#*
 -
ก#C)"'+	
)+
%+
 -C)"'+&+!#)#&)	ก#
ก&
ก 
(Spheroidal  #/  Globular  grain)   
	JYZ  +##K
EDG  (2006)  !K%& .ก#i,กYก#ก,-))C) 
Semi-Solid  gravity  casting  ,-)	 !
ก#ก,-))C)ก.')	
 -
*J)
'ก+J'  
	I/-ก##Dก"G*H&*
D"ก##ก#"H(
+


"G -ก#*H&)I#  #H
G
)ก#  ก,-))C)%&ก#I'M
ก#+
ก#"  Rheocasting  +E	I/-
	
ก#%"&
 D
 )%&
")L  ก '()	 !
ก#ก,-))C)%&ก#*H&)
I#*
ก#  Die  casting  	I/-	I-!DKQI'" )ก)H(
)
  	
ก#%
	+*
ก#""H(
  (Cycle  time)  %)	  (Reject)  	I-Dก#*H&)
)IIGก#
%"&
 D
*
ก#HD  	
"&
  ก##'	-
ก#+
ก#)	!#/-)J'ก# ก#ก
IIG)$ก"&)  
กJก
(ก#I'M
ก##+Eก#  Rheocasting  #!$ก*H&
ก'	!#/-)  Die  casting   '-+%& 
 
2.4.2  ก&ก&R<
$ก&R<67กก&
ก8 
          
9 
M.F.Zah  and  D. Eireiner (2004)  %& .ก#i,กYก#	H/-*
Q+)C) 
(Solid state welding)  ,-)	
ก#+
ก#	H/- -,%	&%&+ก'
 -DKQ"-.ก+DKQ
	+)
'(
  % -')*
Q+)C)#/)+
JJ	+	I)
	Cก
&  )#	Q J"&)ก	-)ก#	H/- -DKQ)ก#	I#+ -
DKQ
(K -C)"'+J	ก%ก#	-
)!#)#&),(
*  ,-)JJ	/
ก'
!#)#&)	#-"&
)
'(
  Jก	"D&)"&
J,)%&ก#!%!&
ก#
ก#	H/-	% 

ก+
  (Friction  stir  welding)  %$'
ก#	H/-)')กXY  (The  welding  institute)  ก#
	H/-	% 
ก+
J'%	
ก#	H/-*
Q+)C),-)J	H/-"%ก'
%!+#&

Jก#)	% 
Jก'+I
 -D
"%	+I#&ก'	!/-
 -&)
&%#)ก%K	%


+	H/-%&+  %"'+#'ก -	ก-+&)*
ก#	H/-%')
(  !/  !+	#C+#*
ก#D
)
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'+I
  (rpm)  '"#!+	#C+*
ก#	%

+	H/-  (Welding  speed)  #)ก%  (Down  force)  D
	))'+	H/-  (Tilt  angle)  
กJก
(')"'+#/-
L  	H
  
%#)'+I
     
T.J Linert et al. (2005)  %& .ก#i,กYก#	H/-	% 
ก+
  ,-)  
	
)ก*
H+)  10  o -
%	fIก#	H/-	
	
  ก#	H/-
	
&%)	/-	 ก'ก#	H/-  (Fusion  welding)  	H
 
#$ก	-)ก#"ก*
#+)ก#C)"'+%W[	ก-+ก'ก#	ก%I#)กi 
(Porosity)  %	fIก'ก#	H/-	
 -%+E%!"()	I#+ก#	H/-	%
 
ก+
	
ก#	H/-*
Q+)C)  J	ก%ก# .*&!#)#&)	ก%ก#
	-
	FJก	F
,-)	
ก	F
,-)  %')
'(
ก#	H/-
(J,)		
)ก -J

.*H&.#'	H/-	
  % '-+H(
)
 -
ก#	H/-	% 
ก+
J!+
	!&
"ก!&)  (Residual  stress)  ก#%)  (Distortion)  
&ก+ก#	H/-  
!+	!&
"ก!&) -
&ก+	
Jก!+#&
 -)*
K	H/-  (Heat  input)  ก#	H/-	%
 
ก+
%&$ก#Dก"G*H&*
D"ก##.#'	
*
กD  1xxx,  2xxx,  
5xxx,  6xxx    7xxx  ก '()#+$,)ก#	H/-	
  Al-Si-Li  
R. Akhter, L. lvanchev  and  H.P. Burger (2006)  %& .ก#i,กY'" )
+ '" )ก)ก#	H/-	
 -%&Jกก#ก,-))C)	ก#%  A356 
(Semi-solid  aluminum  alloy)  %ก##+Eก#	H/-
%	Cก		#G  (Nd: YAG  
laser  welding)  Jกก#i,กYI+ก#	H/-		#G .*&#	+K#	H/-!)  '

	
/-)Jก!+#&
Jก.)		#G -	Cก)Jกก#	H/-Kก#	C
"'+ .*&#	H/-
%"'+%&+  )#กC"!#)#&) )JDQ!*
#	+K -ก##	+K -
ก# '
	
/-)Jก!+#&
J!#)#&) -"ก")Jก	
/(	%  (Base  metal) 
#	+K -ก#!#)#&)J	
	%
%#"G	%	CกL  (Fine  dendrite  
structure)  ก#J"'+*
#	H/-  '
	
/-)Jก!+#&
 -*
#	H/-กก+JD%	+
 .*&	ก%ก#	-
)!#)#&)Jกก&
ก	
!#)#&)	%
%#"G  
กJก
(!
!+C))#	+K#	H/-J!)กก+#	+K	
/(	%ก  .*&	#	ก%ก#
"ก#	+K#	H/-  
#Qi  	/)J'
 #GD#  (2007)  %&ก+$,))ก#+J'*
ก#	H/-	

  A356   -%&Jกก#ก,-))C)%&+ก##+Eก#	H/- ก  (TIG)  Jกก#i,กY
I+!#)#&)#	+KJ	ก%	
!#)#&)ก-)&  (Dendritic  structure)  *
K -
!#)#&)#	+K -ก# '
	
/-)Jก!+#&
  (HAZ)  #ก%&+!#)#&)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ก-)&  (Dendritic  structure)  ก'!#)#&)ก&
ก  (Equiaxed  structure)  ,-)	

!#)#&)	%)	
 -%&Jกก#ก,-))C) '()
(	I#+#	+K -ก# '

	
/-)Jก!+#&
Jก#)	
/( 
W.B. Lee, Y.M. Yeon  and  S.B Jung (2003)  %& .ก#i,กYก##'#D)'"
 )ก)ก#	H/-	
  A356  %&+ก#	H/-	% 
ก+
  %*H&'+I

	ก++
#ก.
%*&!+	#C+*
ก#D
)  Tool  !) -  1,600  rpm  !+	#C+*
ก#	%


+	H/- -  87  $,)  342  mm/min  Jกก#i,กYI+!#)#&)Jกก&)JD ##i
G*H&) 
*
#	+K	
/(	%#ก%&+	FF  (Al)  ก'	F  Eutectic  #ก%&+ 
Al+Si  !#)#&))#	+K -$กก+
 (SZ)  J'กYK
DQ!ก
	CกL  ก#J
"'+)-.	  '
	
/-)Jกก#ก+
)'+I
,-)	
JD%	#-"&
.!'[ - .*&!#)#&)%
#Jก	%  %&+
DQ!ก
ก#J	
	&
+"'กYK i )ก#ก+
)'+I
  
!#)#&)Jกก&)  SEM  *
#	+K	
/(	%
DQ!ก
##)	
 )+  ก#J
"'+*
	FF  (Al)  	F  Eutectic  "*
#	+K -$กก+
J
DQ!ก
	CกL  
ก#J"'+)-.	'
	
/-)Jกก#"ก'ก)
DQ!ก
 -	
 )*
	
/(
	%   -.!'[ก#	#	 !+C)#	+K	
/(	%#	+K#	H/-  %ก#
	#	 &+)ก+#	+K	
/(	%   -.!'[
DQ!ก
 -	ก%JกPก# 
Eutectic  *
#	+K -
ก	
/Jก#	+K -$กก+
  (SZ)  !+	!&
#)%,))#	+K -$ก
ก+
),(
%&IJ
G*&	C
! -กก+  178  MPa  	ก/  120%  )	%	I#f
'(

ก#	H/-	
  A356  %&+ก#	H/-	% 
ก+
&%*
ก##Dก"Gก'ก#	H/-
	
 
Y.G. Kim  and  H. Fujii (2006)  %& .ก#i,กY+J'ก#	H/-	
 
ADC12  ,-)%&+ก##+E%!")%*H&ก#	H/-	% 
ก+
  (FSW)  Jกก#i,กY
I+Jกก#"#+J%&+ก&)JD ##i
G*H&)  *
#	+K	
/(	%#ก%&+
!#)#&)	%
%#"G  (	FF)  	F  Eutectic  (Al+Si)  #	+K -%&#' EIJก
!+#&
 )ก#ก%&+!#)#&) -%	(+%#Jก	%)!#)#&)	%
%#"G
  Eutectic  ,-)	
 EIJก!+#&
 )ก  #	+K#	H/-J,ก*	ก%,(
 
(Recrystallized)  %J!#)#&)  (Cast structure)  %&+!#)#&)#ก%&+

DQ!ก
	CกL  ก#J"'+)-.	*
	
	"#กG  '
	
/-)Jก EIJก
!+#&
 )ก  Jกก#"#+J%&+ก&)  SEM  I+
%
DQ!ก
  #	+K%&
)
#	H/-
%	Cกก+%&

"#)ก)#	H/-  '
	
/-)Jก%&
)#	H/-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DKQJกก#	% 
)'+I
กก+%&

"#)ก)#	H/-  
กJก
(!!+
C)#)%,))	
 -	H/-%ก#	H/-	% 
ก+
!กก+ก#	H/-
 '-+  *
#)
')%&ก+$,))"'+#*
ก#	H/-	% 
ก+
"!#)#&)
 )JDQ!)	
  ADC12  ,-)	
"'+# -*H&*
ก#	H/-  %&ก  #)ก%  (Downforce)  
!+	#C+*
ก#D
)  Tools  (rpm)  !+	#C+*
ก#	%

+	H/-  (Welding  speed)  D
	))  Tools  (Tilt  angle)  %&&#D+"'+#*
ก#	H/-	% 
ก+
)*&
!#)#&) )JDQ!#	+K#	H/-  	H
  !#)#&)	ก#

DQ!ก
	Cก)ก#J
 '-+*
#	+K -$กก+
#+$,)!!+C)!+C)#)%,)กก+#	+K	% 
C.G. Kang, J.W. Bae  and  B.M. Kim (2007)  %& .ก#i,กY
%)	ก#

	
  A356  %ก#ก#"D&
%&+
	Cก  .#'ก#"'+)ก#
	
  A356  ก#	-
  Phase  )	
  A356  %ก#ก#"D&
%&+
	Cก
*

+#
  Jกก#i,กYI+ก#ก+
%&+
	Cก'" -%H+) -!+
/% 
!#)#&)	
ก&
ก  
DQ!	#-C)"'+Jก#ก#J)	ก#

%#%ก# 
)+
 -	#-C)"'+J$กก#"D&
%&+ก#ก+
!#)#&))	%
%#"G	ก%ก#"ก"'+%ก#ก+
  
%')
'(
กก*
H+)	#-"&
)ก#C)"'+)	ก#

%#-  WJJ'ก#ก+
*
H+) -')!/  
ก#FFz  	+*
ก#ก+
  DKQ	 
(.  Holding time  ก# -*H&*
ก#ก+

	+*
ก#ก+
  Phase  )	
 -	%  )#กC"ก#FFz	+ -)	ก

	ก%%  Q+ -%*
ก#ก+
%&+
	Cก"
+

  (Horizontal)  Jกก#i,กY
	ก-+ก'ก#"'+ก'ก#!+!Dก#C)"'+)!#)#&)	
ก&
ก 
Z.Y. Ma  and  S.R. Sharma (2006)  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*
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-
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ก#	%
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	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-!DK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*
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% 
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 H. Badarinarayan  and  Q.Yang  (2008)  !K .ก#i,กY#)'+I
 -
"ก#	H/-JD%*
	
  5083  'กYK)'+I
 -*H&)  !/  
 #)ก#ก	-  %')# -  2.13  Jกก#"#+J!#)#&)Jกก#	H/-JD%
)'+I
 #)ก#กJ'กYKก+!#)#&))'+I
	-  
ก#	H/-"#KG	 ก''+I
	-  '
	
/-)Jก'+I
 #)ก#ก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-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'
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&5  2.13  %)'กYK)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*
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% 
ก+
 
 
H. Lambard et al. (2007)  %& .ก#i,กYWJJ'*
ก#+
ก#	H/-	% 
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  	I/-%W[&กI#)!+D)ก*
ก#	H/-	
  5083-H321 
)	
#  WJJ'*
ก#+
ก#	H/-	% 
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  !/  !+	#C+#)  Tool  
!+	#C+*
ก#	%

+	H/-  #)ก% -*H&*
Kก#	H/-	% 
ก+
 #)	% 
)
$,)!+C)#)!+D)ก*
ก#	H/-	
  5083-H321  	ก%&กI#)*

QI  Plastic  flow  processes  *
#	+K	" EI!+#&
)ก#	H/-  (TMAZ)  )#กC
"!+'I'
EG#+)!+C)#)ก'IX"ก##ก##'กY'" )ก  Jกก#	H/-	%
 
ก+
&กI#) -	ก%,(
*
ก#+
ก#	H/-ก,-)C)!+C) - .*&	ก%ก#
"ก#&+*
ก#+
ก#	H/-	% 
	
  5083-H321  !+	!&
"ก!&)*
#	H/-
"#+J%&+ก#  X-Ray  #$!+!D%&+!+#&
	&)ก#	H/-  !+'I'
EG#+)
!)D%)!+	!&
 -"ก!&)ก#P'" -'&
  #)ก%DKQ	
WJJ'.!'[ -
!+!D%&+  Tool  Jกก#D
%&+!+	#C+#!+	#C+*
ก#	H/- 
ก""I)YG  กI)YG !K (2007) %& .ก#i,กYก#	H/-#"	ก)
	
	Cกก&%&+ก#	H/-	% 
ก+
  #"	ก	
  A5083 
	Cกก&!#G
"-.  SS400  % .ก#	H/-Q*"&ก#	-
)"'+#ก#	H/- 	H
 
!+	#C+#  !+	#C+*
ก#	H/-!+,ก)"'+ก+
 -%	&*
	
/(+'%D  ก#
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*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##กก,-)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 .*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-
	"#G	F)#"  Jก!+,ก
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-	I-,(
 .*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 P. Cavaliere  and  A. Squillace (2007)  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#*
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"
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"ก")Jก#	+K	
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--.	
กก+ -!+	#C+*
ก#	%

+	H/-"-.  '
	
/-)Jก!+#&
*
H(
)
!+	#C+*
ก#
	% 
 )ก  Jกก# %!+C)#)%,) -DKQ&)!  Yield  strength  J	I-,(
 -
!+	#C+*
ก#	%

+	H/-"-.  Jกก#%%&+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Jก%&
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 P. Kapranos1 et al. (2007)  %& .ก#i,กYก#	H/-ก,-))C))
	
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-%&+ก##+E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  Rheocast  Jก
ก#i,กYI+ก#JD%''+)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-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
J.	
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*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 Y.G. Kim et al. (2005)  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Jก
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 
 
 
 	
ก
ก
 !ก"#$%ก
	
&	$'(	

ก
)  $ก"*
+	(&&%,  ($
-ก
()ก
)$+'
#ก
  A356  2',$3ก

4'ก
,$ก!%(%-  (SSM)  9ก
&ก
)'2
(&&ก2''#$&23$,2($&2ก$3ก,ก
2$': 
 
3.1  กก	
ก 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  3.1  %:ก
 
)9ก
'2(&&ก 
(Friction stir welding) 
,$3$,ก!(%- A356 Al alloy 
(Semi-solid metal  A356) 

&23$,2 
(Metallurgical examination) 
ก(&&ก
2$  
(Experimental design) 
2&(%- 
(Hardness testing) 
2&(%-(
 
(Tensile strength testing) 

,#$ก
2$ 
(Result analysis) 

	#$ (Report) 
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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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)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	
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4  ($2'  
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,(
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
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%$
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+	(&&ก!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,$3$,ก!%(%-ก23$ก  	
2 W2ก-
'ก
($X233$'ก
,$
3$,ก!%(%-	
ก)9ก&,ก

V	
2    
 
3.2.1  " ##$ %&#ก'!(!()! A356 
 2')9ก
2$	U$+'#ก
  A356  Z!'#
2'
2'  3.1  #ก
,$%!:
+	(&&ก!%(%-92  GISS  (Gas  induced  
semi-solid)  2'$9ก&ก
,$(&&  Rheocasting  Z!2  GISS  2ก
,$2'*,V+
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W,$%:3$,กก
(ก,ก%(%
W
  )9$ก
f(กd	
*  20  2'  ก::3$,$+'W	2$ 
Mold  (&&2
ก$
+	2'  3.2  (ก)  ($  (%)  ($9  (Squeeze)  2'W9ก  2,000 
Psi  9W93$,(%-W9	U):(&&(#ก$2'',	
*  6-8  $$
 
%9# +ก$  20  Z
  
+	2'  3.3  (ก),  (%)  ($
+	2'  3.3  ()  	U3

92'
W9กก
,$ก!%(%-Z!	
ก&W	93

9ก
(&&ก9ก$  (ก9'%)  	Uf
$+'  (α )  ($&
*f+2ก  	
ก&9f$+'#ก&fZ$ก  ('
$&%) 
 
                         
                                        (ก)                                                                  (%) 
 
  3.2  (  Mold  2')9ก
%!:
+	): 
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-!  3.1  #2'%$+',$#  A356  (W.T.%)  
 Si Fe Cu Mn Mg Zn Ti Cr Ni Al 
A356 7.74 0.57 0.05 0.06 0.32 0.01 0.05 0.02 0.01 Bal. 
 
 
 
 
 
 
 
 
(ก)                                            (%) 
 
 
 
 
 
 
 
 
 
                 () 
 
  3.3  V():($3

9%$+',$ก!%(%-ก
  A356  
2'W9กก
,$92  GISS 
 
3.2.2  ก-#.!
ก" ##$ %ก'!(!()!  A356 
$+'#,$ก!%(%-ก
  A356  2'#ก
,$(&&  (Squeeze 
casting)  W	2ก
	
&%#):2:99
ก(:  (Milling)  ,9'%
,  4  $$
  
+	2'  3.4  (ก)  ($  (%)  ($9):9
$,9'
%  x  ก9  x  ,  100  x  50  x  4  $$
  W9):2&  4  ):
αf 
f+2ก 
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,!(#2',$  ):2&W'ก
&ก,9): Z!ก
2$2ก
2$2:,  5  
Z:  3'(	
ก
2$    
+	(&&%,)($
-ก
)
&  
:,!Z:9)9):2&  12  ):  
ก
2$2:,  5  Z:  9)9):
2&  60  ):  ก

'):
+	2'  3.5  (ก)  ($  (%) 
 
 
 
 
 
 
 
 
                                     (ก)                                                                      (%) 
 
  3.4  (ก
ก#,9):2&2'W9กก
,$ก!%(%- 
 
 
         
 
 
 
 
 
                               (ก)                                                                        (%) 
 
  3.5  ():2&$+',$ก!%(%-ก
  A356  
2'#ก
ก%!:
+	($9
$ 
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3.3  01!#1 "ก23! 
,$กก(&&ก
2$
-:($W92ก

'2'2ก

)
-:($9  กก
ก
2$2ก

&
($	ก
*,9
'
'
9ก
2$  ': 
 1.  
ก(: (Milling machine) 
 2.  
$ 
 3.  
%ก
"2
  %ก$ 
 4.  :'2')9ก

'):
&3

9 
 5.  
2&(%-  (Hardness test) 
 6.  
2&(
!  (Tensile strength) 
 7.  ก$9Vก$%  2-10  2 
 8.  ก$9$2

 (&&)9(  (Optical  Microscope,  OM) 
 9.  ก$9$2

 $
ก
Z!'
&&-กZ
9  (Scanning  Electron 
                 Microscope,  SEM  ($  Energy  Dispersive  X-ray  analysis ,  EDX) 
 
3.3.1  ก##!(!01!#1  
 ก
	
&'%
)3ก
	
ก
ก(:	U

)'2(&&กZ!9	
&,9
'2  3     ก&#,9):
2& ($	
&
&	ก
*&!):2&,9W9
&2'$%):2&
)9ก
)'2(&&ก%$+',$#  
+	2'  3.6  (ก)  ($  (%) 
 
 
 
 
 
 
 
        
                                (ก)                                                                                (%) 
 
  3.6  V(ก
	
&'  3     %,)  
0    
3    
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3.3.2  01!#1ก1#  
$ก"*%
,
  Tools  2')9ก
2$'(&&    (&&
2
ก
&ก($(&&',$'  %%&  Ø 20  $$
  ก'%  Ø 5  $$
 
  3.2  $$
  2ก,$-ก

-+
v  JIS    SKH 57  
+	2'  
3.7  (ก)  %ก'9ก,%(#	
*  80%  ก
)

+ก&!9	ก
*%
ก2''ก
'  3     
+	2'  3.7  (%) 
 
 
    
 
               (ก)  
 JIS SKH 57                   (%)  	ก
*&!
 
 
 
  3.7  $ก"*%  Tool  ($ก
&!  Tool 
 
3.2.3  ก23ก'
(!ก1#
ก 
y  %
)'2(&&ก  
+	2'  3.8  ()%,
)2')9&!,  ($)&!):ก
)3!ก&(2
$ 
ก
:	ก
*&!($ก
&!
 
+	2'  3.9  %ก
)'
2(&&ก2ก
&!):):ก&(2
):  3)9$-):  
9$):
9(#,$-ก,):3'(#	
ก-
+
ก$(#,$-ก2:
):  ($  Tools  !ก&,$(ก, กก
2$ก,,9  Tools  ,+ก&2'  ($
):$2'%*()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  3.8  ((,y  2'ก'%9ก
)'2(&&ก 
 
 
 
 
 
 
 
 
 
  3.9  (ก
&!):ก
)'2(&&ก 
 
    
 
,) ,
 Tools ' 3 
  (Rotation speed) !9
!กก 
+	2' 3.9 (ก) 
	ก
*&!):2&
!+ก&2'ก&(2

$ 
+	2' 3.9 (%) 
(2
$ (Welding speed) 
(ก) 
(%) 
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3.4  ก#	ก1#
ก 
 ,$กก

'  
($	ก
*y  
-:($9  ก:2
ก
)'2(&&ก2'*,V+,9  3)9  Tool  (&&    ,(&&2
ก
&ก
($(&&',$' 2'
-ก
,%  Tool  2'  1,750  rpm  ($	$'(	$
-
ก
)
&  80,  120  ($  160  mm/min  &!):2&,9(ก&(2

):  ,,ก%&):2&  10  $$
  
+	2'  3.10  (ก)  ($  (%)  
9ก

)3ก
(
ก9
	{2'&%  Tool  #ก&#,9
):
9ก&ก,,9(
ก
9+%*:2'	
*  450  ก3$ก
  )9$
ก
ก&%  Tools  #ก&#,9):%*:	
*  28  2'  ก,,9ก

'22' * 
99W9	
*  20  2'  ,$ก:ก-
	{()
3  W%%($(	
2'W9ก(&&W9ก
2$  
+	2'  3.10  ()  ($  
()  :ก
)กกกกก
)  ,9ก
'22'  *  (,
29%ก
)  10  2'  กก  Tool  กก):2& 
 
 
 
 
  3.10  ก
&ก
)'2(&&ก 
     (ก) &% Tool ,ก%&): 10 .    (%) (
ก
9 450 กก. ก() 28 2' 
              () ()3                              () :ก
()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3.4.1  ก
!ก
ก1#
ก 
 
 
 
 
 
 
 
 
 
 
(ก) 
 
 
 
 
 
 
 
 
 
       (%) 
 
  3.11  ก
(
กก
)$+'  SSM  A356  3)9  Load  cell 
 
(
ก2'ก%!:%*2ก
)
W99
  Load  cell 
,92
&}ก

%(
ก2'ก%!:ก
&ก
)'2(&&ก%$+'
,$ก!%(%-  A356  กก
2$3)9  Tool  (,)  )9ก    ,(&&
2
ก
&ก($(&&',$'  '
-ก
,%  Tool  2'  1,750  rpm  ($
	$'(	$
-ก
)
&  80,  120  ($  160  mm/min  (
ก%*2ก

): A ): B 
(#,$-ก

): 
(#
	
ก-ก

9 
Load cell 
Tool 
(2
): 
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)'(
2'ก%!:) )(
ก	Uก
(
ก%*
9%ก
)&#
ก&#,9): )2'	Uก
(
ก%*2ก
)ก() )2'(

ก%!:ก
-ก
) Z!	U(
2'ก%!:ก,ก
&:
) 

+	2'  3.11  (ก)  ($  (%)  2ก
&2!ก9ก$9$(&&&2!ก''3W9  )
ก
&2!กก(#$%
($9!$-ก
f 
 
3.4.2  ก
2$8#(2"ก1# 
 
 
 
 
 
 
 
 
 
 
(ก) 
 
 
(%) 
 

+	2'  3.12  (ก
*,V+%*2ก
) 
2 $$
 
1. ก$9$ 
2. 
*,V+
(&&f

2 
1 2 
3 
3. ก
&ก
)'
2(&&ก 
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กก
2$2ก
*,V+%*2ก
)'2(&&ก%,
(&&2
ก
&ก($(&&',$'  
-ก
,%  Tool  2'  1,750  rpm  ($
-
ก
()  80,  120  ($  160  mm/min  9
*,V+(&&f

2  
(
+	2'  3.12  3ก
2ก
,ก&%  Tools  	
*  2  $$
  Z!
2ก
&2!ก9ก$9$(&&&2!ก''3W9  )ก
&2!กก(#$%

  ($9!$-ก
f 
 
3.4.3  ก  Lay  out  -
.!?
กก1# 
,$ก2ก
)):
-($9(#2')W	  Lay  out  
):W	
'	U):2&23$,2($2&2ก$ 
+	2'  3.13 

+	2'  3.13  ($ก"*%ก
):2&  (A)  (,
9($:

)  (B)  ):
&3

92$V  (C)  ):2&(
!  (D)  ):
2&(%-($
&3

92$V  (W)  %
) 
 
 
 
  3.13  ก
  Lay  out  ):2&23$,2($2ก$ 
 
3.5  ก- ก@2"A0!!!A $"(!1# 
 
3.5.1  ก-&$1#
- 
ก

&#,9%
)กV9ก$9V$
ก$%($(	
%ก
)  
&$ก"*2กV  ($&+
*
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%
)  $ก"*%
)2'กก&%  Tool  
&ก
Z!$!ก%
)  
,$กก
)2ก

&
)&
*9&($9$  9+

)'ก
	
ก%):2:):2')กW9''  
+	2'  3.14  'ก

	
ก2''%):)2:):  ,
'กก
*',!  2ก

&9
($9,ก&
)W	
ก,$กก
)(
)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)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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'2(&&ก2'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3.5.2  ก-A0!!#$80 
,$กก

&9($9W&%9&ก
y  %
)  ก-
):W	  Lay  out  ($  
+	2'  3.13  ก:W	$&9:  Epoxy  
+	2'  3.16 
%9ก
"2
2'2ก#Z$
W&2  :(&
  150,  320,  400,  600,  800,  1,000 
!&
  1,200  $&  ก
%ก
"2
$&(#%,9
'&($9%#
Rotation speed 
Welding speed 
Retreating side 
Advancing side 
Rotation speed 
Welding speed 
Retreating side 
Advancing side Crack 
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W9(ก#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
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9ก
	$'ก
"
2
(#W	
%):
&W	'ก(2,!$&ก	U
ก&(ก!
ก
"2
(#29 
+	2'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  3.16  ():2'$&9:  Epoxy 
 
 
 
  3.17  (ก

'):
&3

923$,2 
 
ก:W	%#9#%  (Polishing)  ก
%#%:':  	Uก
%#
%):
&9#%2'2ก$+  (Alumina  oxide)  ($(ก'Z'  (Magnesium 
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oxide)  2''%:(  5 - 1  W
  ก#):2&9
$$  Kellers  reagent 
($):W	$99($ก$($:$&	{กกWZ  
&3

9,V
9ก$9ก$%  2-4  2  +$ก"*ก
W,$%ก
V
)  
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&
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3.5.3  ก-A0!!! 80
ก ! B3!  (OM) 
  ):
&3

92$V9ก$9$2

 (&&)9(  	U
):2&'กก&):2&3

9,V  Z!,$กก

&3

9
,V($9ก-W	2ก

&3

92$V  (Micro-specimen)  9ก$9
$2

 (&&)9(2'ก$%  50  !  200  2  
&3

9&
*:3$, 
&
*2'W9
&24$ก
92ก$9  Retreating  ก&  Advancing  ($&
*2'+กก
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) 
&%9&ก
($&+
*%
)($(	
%ก
) 'ก
2:+ก
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(	$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กก
)'2(&&ก  
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  3.19  ((,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2ก

&3

92$V9  OM 
BM  9  Retreating  BM  9  Advancing  TMAZ  SZ  TMAZ  
BM  9  Retreating  BM  9  Advancing  TMAZ  SZ  TMAZ  
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3.5.4  ก-A0!!! 80
ก ! )ก-%!ก
  (SEM)  I'!  
           #")กI33
  (EDX)  
):
&3

92$V9ก$9$-ก
(&&ก
  ($ 
EDX  	U):2&'กก&):2&3

9,V($):
&
3

92$V9ก$9$2

 (&&)9(  ก

&3

92$V9
ก$9$-ก
(&&ก
2''ก$%  5,000  2  20  kV  
&3

9&
*
:3$,  &
*2'W9
&24$ก
92ก$9  Retreating  ก&  Advancing  ($
&
*2'+กก%
)  
&ก
	$'(	$%3

9ก
  +ก
ก

%VZ$ก($4#y  ,$กก
)'2(&&ก  ($ก

&
9  EDX  2ก

&''&
*2'+กก  +fก$	U4W
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  3.20  ((,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2ก

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2$V9ก$9  SEM  ($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3.6  ก
#-!ก  
	Uก
2&
ก
92ก
(	

+	
3ก
ก
#,9%):2&9
W3
กก
  2&
ก
92(
ก 
	U(%-%):2&  ($ก
!2&
ก
92(
!%
):2&9
2&(
!  	U(%-(
%):2&  ': 
 
3.6.1  ก
0#()! 
):2&(%-	U):'กก&):
&3

9Z!
,$กก

&3

9,V($3

92$V
-:($9  ก-):W	
BM  9  Retreating  BM  9  Advancing  TMAZ  SZ  TMAZ  
(EDX) 
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2&(%-,
ก
92ก
(	

+	
 +ก(
กก
2$
&):2&  3)9ก
2&(&&W3
ก
  ก&
*:2',9%
) 

,
ก  60  70  mµ   
+	2'  3.21  (
ก2')9  100 gf  ก	U$  10  2'  ,ก
)
'$ก"*	U	
v',$' 2'	$,ก2  136     (%-*ก
(
ก2'ก
2,!,:2'#  
+	2'  3.22  
(%-W9:(3$,2'
ก	
*  5 kgf/mm2  !3$,2'(%-กy  	
*  1,500  kgf /mm2  3W9	$'
,ก  	$'ก-e(
ก2:  3':(  1-120  kgf  %!:+ก&(%-%3$,2'
2& 
 
 
 
 
 
 
 
 
  3.21  ((,กกก
(%- 
 
     
 
  3.22  ((
ก2'ก
2,!,:2'#9
W3
ก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(%-9 
(%-(&&W3
ก
   &
 *
V%
)  ,($&
*%):)'(%-V:2'
(กกก9'  
+	2'  3.22  ($กก
*3)9ก
  3.1  
 
      ก
   HV =    
d
P
2
854.1   (3.1)                       
 
  32'  HV   (%-(&&  Vickers  (kgf /mm2) 
    P   (
ก (kgf) 
    d   %92(  d1  ($  d2  e$'  (mm) 
 
3.6.2  ก
!
'! 
 
3.6.2.1  ก-#.!
(!1.A $"
#  (BM) 
       
 
       
 
 
 
 
  3.23  V(%
v  ASTM  %):2& 
 
 
 
 
 
 
 
 
 
 3.24  V(ก
%!:
+	):2&(
!%:3$,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  3.25  V():2&
v%:3$,  SSM  A356 
 
ก

'):2&(
!%$+'#  SSM  A356  Z!,$กก
,$
ก!%(%-  (BM)  กก
2&(
!%:3$,W		
'&2'&ก&
(%-(
!2'2ก
)  3ก
W	$%9
ก(:($	U):$-กy  2'
W	ก%!:
+	
+	2'  3.24  
'	U):2&(%-(
!
v  ASTM 
(E8)  
+	2'  3.25  %%):2&
+	2'  3.23  ':  a = 4,  b = 6,  r = 12,  L0 = 24,  Lt= 
100,  LC= 27 mm.  ($  S0=24  mm
2 
 
3.6.2.2  ก-#.!
(!!1# 
 
 
 
 
 
 
 
 
 
 
  3.26  ก

'):2&%
)'2(&&ก 
(ก) 
(%) 
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ก

'):2&(
!%
)'2(&&ก  '$ก"*   

'):2&3ก
%ก&
)($ก&
)  3ก

'
)94'ก
'กก&ก

'):2&%:3$,  ):2&&2ก$	U
ก
2&,(%-(
%
)  (Strength  of  weld)  ก):))9
ก
)'2(&&ก 
+	2'  3.26  (ก)  ):2&%
)  (%)  ):2&

)
v  ASTM  (E8) 
 
3.6.2.3  	ก
!
'!  
ก
2&(
!,(%-(
%)  (Strength  of  weld)  3
ก
2&(
!)'2(&&ก  ):2&2'
'3ก
%ก&

)($ก&
)W	2&(
!2'*,V+,9  
-ก
!  1.67 x 
10 2−   mm/s  
+	2'  3.27 
 
 
 
 
 
 
 
 
 
 
  3.27  (ก
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ก  กก 
ก	!"!#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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
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!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05
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!()ก   ก00
 !3 ก0!$+  Tool  )ก"!)  450  ก"ก!  กก	ก

  $  "0)!  (2008)  1 5) !3 ก0!$+  Tool  !กก 50ก 5  
1,750 rpm   !3 ก"'!ก 5  80  mm/min  0!กก 5  160  mm/min 
0กก'!1 5'!F!5#(#&) กก"'5 5'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#&+!*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Tool (0 1")  )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5ก#)# !3 ก" '!  !)  3  
   80,  120    160  mm/min  0	ก'!0!  6  '"  ก
  5  ก !0!  30  '"  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ก5 !!)4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 4.1.1  ก
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ก
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
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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 '!!)45ก+Kก'!+
ก'!()ก *!")!05ก	++3  A356  ก*#)  4.1    4.2  '5 
)  1  #&'5 #Nก"!ก00!)5)  450  ก"ก!   )'กก5
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 (ก)  Stir  zone    (+)  TMAZ-R  ()  Stir  zone  ก  ()  TMAZ-A   
  ()  Stir zone  5 
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(ก) Stir  zone    (+)  TMAZ-R  ()  Stir  zone  ก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(ก)  Stir  zone    (+)  TMAZ-R  ()  Stir  zone  ก  ()  TMAZ-A   
  ()  Stir  zone  5 
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Welding  speed 
(mm/min) 
Tensile test (MPa) 
Cylindrical 
Failure 
location 
Square 
Failure 
location 
80 176.22 Base 143.23 Weld 
120 190.85 Base 171.73 Weld 
160 193.89 Base 173.61 Base 
BM 185 
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Welding  speed 
(mm/min) 
Tensile test (MPa) 
Cylindrical Square 
80 172.57 170.67 
120 190.79 179.83 
160 222.23 193.67 
BM 185 
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B 
$#!4	ก.#ก5$C
-'5   (BM)  
  7)  ../ # "$#0
 050
 0ก
$
  4$#
"./%ก '
4$$#ก5$ก5'
4$$
"'#./%ก "&	5../ กก#./%ก 
06  Bก/0	กก '
4$$#ก5$ก	5../ 
กกก '
4$$"'%#
"./   - X45#./%
ก   160  mm/min  ../ กก#กG ./%ก 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5.9   
5.9.1  กก.0	"$((ก#6ก4[ก
.$
"กก0G  0 ก
$(  45.$"กก0G  		5#6%'ก .$ก4%B  
5.9.2  ก#6ก.# 4#	5%'.ก ก"5"%(
ก  ก#
4B.%(  
5.9.3  '
	กก'ก
B0ก6B#6ก&# "$0G  B
.#B#C'F&'  .6B%0&/ 4[ก
ก-.5
"$
0#กF%
"  
5.9.4  #./%ก'  Tool  กก'ก  1,750 rpm  '
	กก
	5B5"E ก
5ก %   
5.9.5  #./%ก ก  80  mm/min  'กก  160  mm/min 
'
	กก	5B5"E ก
5ก %   
 5.9.6  ก	ก#(ก5$ก#.  	5#6%'B ../#
"&ก  	กก# $0J	5E&%กก0B 
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?? ?? ??????????????? ? ???????? ????????? ? ???? 
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?.1   ?? ??????????? ????????????? ???  Keller?s reagent 
??????????? ???    ??????? ??   48% 2 ml 
?????????????    ??? ??   3 ml 
???????? ??    5  ml   
???      190  ml 
 
?.2   ?? ?? ?????? ??????????????? ????? ??????????  ASTM-E 
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?????????? ???????????????? ?????? ??? 
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?.1   ?????????? ?????????? ? ?? ?-?? ? ??-????? ?? ???? ???  
 
??????????  Phase diagram 
 
 
?????????? ??????? ??? ? ?? ?-????? ?? ?-?? ? ??? 
luminum - Magnesium - Silicide phase diagram 
 
?.2   ?????????? ?????????? ? ?? ?-?? ? ??-????? ?? ???? ???  
 
 
 
?? ??? ?.1 ??????????? ????? ? ?? ??????????? 356 
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???????  ? 
 
?????????? ?????? ????????????? ???? ?????????? 
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?.1  ?? ??? ??????? ??????????? ???? ?????????? 
 
       
                            ? 80  mm/min                                            ? 80  mm/min   
 
        
                            ? 120  mm/min                                            ? 120  mm/min   
 
       
                            ? 160  mm/min                                            ? 160  mm/min   
 
?? ??? ?.1  ?? ??? ??????? ??????????? ??? ??? ??  ? ??????????????? ? ?????? ???? ?  
 
 
10 mm10 mm
10 mm10 mm
10 mm10 mm

R

R

R

R

R

R
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                                ?                                                              ? 
 
?? ??? ?.2  ?? ??? ??????? ??????????? ???? ?????????? ? ??????? ??????????? ??? ??? ??  
??????????????? ? ??????? ??????????? ??? ??? ?? ?????? ???? ? 
 
?.2  ??????? ?????? ????????? ??? ?????? ????? ??????????? ???? ?????????? 
 
?? ????? ??  
??????????
??? ??????? ? 
??????? ??? ??? 
TMZ 
Retreating 
SZ 
TMZ 
dvancing 
???
????????? 
80 mm/min 
   
???
????????? 
120 mm/min 
   
???
????????? 
160 mm/min 
   
 
?? ??? ?.3 ??????? ?????? ???????? ?? ???????????? 
10 mm10 mm
R

R
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?? ????? ??  
??????????
??? ??????? ? 
??????? ??? ??? 
TMZ 
Retreating 
SZ 
TMZ 
dvancing 
?????? ???? ? 
80 mm/min 
   
?????? ???? ? 
120 mm/min 
   
?????? ???? ? 
160 mm/min 
    
 
?? ??? ?.4 ??????? ?????? ???????? ?? ?????? ???? ? 
 
?.3  ??????? ?????? ????????? ? SEM ?????????? ???? ?????????? 
 
     
? 80 mm/min                                       ? 80 mm/min 
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                                    ? 120 mm/min                                             ? 120 mm/min 
 
     
                                  ? 160 mm/min                                             ? 160 mm/min 
 
?? ??? ?.5 ??????? ?????? ????????? ? SEM ????? ??   
? ??????????????? ? ?????? ???? ? 
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???????  ? 
 
?? ??????? ?????????? ???? ?????????? 
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?.1  ?? ??????? ?????????? ???? ?????????? 
 
     ???????? ?.1 ?? ??????? ????? ?? ????????????????????? ???? ? 
?????? ?
?????
??? ???? 
?? ???????? ?? ?????????? ???????? ??????? ?  
Cylindrical Square Cylindrical Square Cylindrical Square 
80 80 120 120 160 160 
4.8 57.6 50.9 56.3 59.2 59.2 55.4 
4.2 61.8 54.4 53 61.3 58.1 51.4 
3.6 62.3 51.7 56.8 56.5 53.4 60.5 
3 66.1 57.5 56.7 55.7 58.8 51.5 
2.4 58.2 55.1 61.9 59.4 54.2 56.5 
1.8 62.2 55.9 60.9 59 59.6 62.2 
1.2 56.1 57.5 52.9 57.9 59.1 60.3 
0.6 57.8 54.6 58.1 55.7 51.2 51.2 
0 55.9 55.6 59.8 60.7 57 55.4 
0.6 62.8 55.4 60.6 55.9 63 58.5 
1.2 66.8 57.5 59.7 55.5 64.3 58 
1.8 52.8 55 67 56.5 66.3 58.9 
2.4 54.9 55.6 65.7 56.4 63.3 60.2 
3 57.1 57.7 51.4 53 59.2 63.2 
3.6 56.2 50.4 61.8 49.9 55.7 59.7 
4.2 61.3 53.7 57.4 46 68.7 58 
4.8 56.3 50.2 53.6 49.7 64.4 59.2 
 
 
 
 
 
 
 
100
 
 
 
 
 
 
 
 
 
 
 
 
???????  ? 
 
?? ??????? ????? ?????????? ???? ?????????? 
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?.1 ?? ??????? ?????????? ???? ?????????? 
 
?.1.1 ?? ??????? ????? ?????? ?????? ? ????????? ??????? ? 
 
     ???????? ?.1  ?????? ??????? ????? ?????? ?????? ? ????????? ??????? ? 
???
???????? 
Welding  
speed 
mm/min 
Tensile test  
Cylindrical 
Mpa 
% 
Elongation
??? 
Square 
Mpa 
% 
Elongation
??? 
1 
80 173.84 15.73 Base 170.57 21.52 Base 
120 168.35 14.79 Base 164.89 9.12 Weld 
160 210.25 13.75 Base 178.44 10.75 Weld 
2 
80 176.22 13.39 Base 143.23 9.66 Weld 
120 190.85 13.2 Base 171.73 7.67 Weld 
160 193.89 12.97 Base 173.61 16.74 Base 
 
?.1.2 ?? ??????? ????? ?????? ?????? ? ???????? ??????? ? 
 
           ???????? ?.2  ?????? ??????? ????? ?????? ?????? ? ???????? ??????? ? 
???
???????? 
Welding  speed 
mm/min 
Tensile test  
Cylindrical 
Mpa 
% 
Elongation 
Square 
Mpa 
% 
Elongation 
3 
80 175.2 9.91 149.16 5.54 
120 175.37 10.88 167.84 6.6 
160 238.4 19.90 191.31 10.37 
4 
80 144.84 1.66 176.63 3.01 
120 201.32 3.83 194.13 3.09 
160 216.11 4.04 202.32 3.98 
 
 
 
102
???
???????? 
Welding  speed 
mm/min 
Tensile test 
Cylindrical 
Mpa 
% 
Elongation 
Square 
Mpa 
% 
Elongation 
5 
80 197.69 11.22 186.22 12.17 
120 195.69 10.75 177.52 14.21 
160 212.2 17.93 193.4 18.94 
?? ?????
??????
???????? 
3, 4 ??? 5 
80 172.57 - 170.67 - 
120 190.79 - 179.83 - 
160 222.23 - 193.67 - 
 
           ???????? ?.3  ?????? ??????? ????? ?????? ???????? ?????? ???????  
??? ??? 
Tensile test of base metal 
Tensile Mpa % Elongation 
1 186.14 8.77 
2 202.43 14.42 
3 175.62 10.2 
4 130 8.67 
5 195.31 11.74 
6 193.98 14.05 
7 194.8 12.41 
8 202.63 12.12 
??? 185.11 - 
 
 
 
 
 

